Changes in respiratory elastance after deep inspirations reflect surface film functionality in mice with acute lung injury. J Appl Physiol 119: 258-265, 2015. First published June 11, 2015 doi:10.1152/japplphysiol.00476.2014.-Pulmonary surfactant reduces surface tension in the lung and prevents alveolar collapse. Following a deep inspiration (DI), respiratory elastance first drops then gradually increases due to surface film and tissue viscoelasticity. In acute lung injury (ALI), this increase is faster and governed by alveolar collapse due to increased surface tension. We hypothesized that the rate of increase in elastance reflects the deficiency of surfactant in the lung. To test this, mice were ventilated before (baseline) and after saline lavage obtained by injecting 0.8 ml and withdrawing 0.7 ml fluid (severe ALI) or injecting 0.1 ml (mild ALI). After two DIs, elastance was tracked for 10 min followed by a full lavage to assess surfactant proteins B (SP-B) and C (SP-C) content. Following 2 DIs, the increases in elastance during 10 min ventilation (⌬H) were 3.60 Ϯ 0.61, 5.35 Ϯ 1.04, and 8.33 Ϯ 0.84 cmH2O/ml in baseline mice and mice with mild and severe ALI, respectively (P Ͻ 0.0001). SP-B and SP-C in the lavage fluid dropped by 32.4% and 24.9% in the mild and 50.4% and 39.6% in the severe ALI, respectively. Furthermore, ⌬H showed a strong negative correlation with both SP-B (r 2 ϭ 0.801) and SP-C (r 2 ϭ 0.810) content. The ⌬H was, however, much smaller when the lavage fluid also contained exogeneous SP-B and SP-C. Thus ⌬H can be interpreted as an organ level measure of surface film functionality in lavage-induced ALI in mice. This method could prove useful in clinical situations such as diagnosing surfactant problems, monitoring recovery from lung injury or the effectiveness of surfactant therapy.
The first surfactant replacement therapy for human neonatal RDS was reported in 1980 (15) , and the procedure has since become a standard therapy (45, 53) . Mechanisms of surfactant delivery and spreading are summarized by Grotberg and Gaver (19) and Halpern et al. (23) . Several clinical trials evaluated the effectiveness of surfactant replacement therapy in adult ALI/ARDS (18, 49) . A single study showed that the administration of bovine surfactant in repeated large doses improved patient survival (18) , whereas a large multicenter clinical study provided no evidence of benefits of using recombinant surfactant likely due to the lack of lowering surface tension in the lung (50) .
Evaluation of the effectiveness of surfactant therapy in these clinical studies is based on several parameters such as mortality, the ratio of oxygen partial pressure to fraction of inspired oxygen (Pa O 2 /FI O 2 ), APACH score, chest X-ray, or CT imaging (49, 56) . However, these parameters are not specific to surfactant function. The only direct method is to carry out an invasive partial lavage procedure followed by biophysical or biochemical analysis of the lavage fluid samples (27, 54, 55) . However, even if the surface tension of the lavage sample is determined in vitro, its actual value may not be relevant to the surface tension in vivo because the lavage itself generates some injury (55) . The primary goal of this study is to introduce a novel in vivo functionality assay of the surface film in the lung.
After a deep inspiration (DI), respiratory elastance in the normal lung drops immediately due to stretching of the alveolar septal walls and possibly opening collapsed airways and alveoli. The drop in elastance is then followed by a slow increase which depends on the viscoelasticity of the surface film and the connective tissue (2, 3) . However, in ALI/ARDS, the increase in respiratory elastance is faster and governed by alveolar collapse and increased surface tension (2, 3) . We hypothesized that the rate of increase in respiratory elastance after a DI directly reflects the functionality of the surface film in the lung. To test this hypothesis, we recorded the time course of respiratory elastance after two DIs in normal mice and in two mouse lavage models of ALI/ARDS. The changes in elastance were then correlated with surfactant protein B (SP-B) and C (SP-C) content of the surface film both of which are responsible for the low surface tension and absorption-respreading properties of surfactant at the airliquid interface (10, 27) .
MATERIALS AND METHODS
Animal preparation. All procedures were approved by the Animal Care and Use Committee of Boston University. Male C57BL/6J mice (n ϭ 16, body wt 27.9 Ϯ 1.6 g, Charles River Laboratories, Boston, MA) at age 10 wk were used. The animals were anesthetized by intraperitoneal injection of pentobarbital sodium (70 mg/kg), tracheostomized and cannulated with an 18-gauge steel needle in the supine position, and placed on a heated pad to maintain constant body temperature (37°C) throughout the experiment. Extra doses of pentobarbital sodium (20 mg/kg) were administered every 20 min to keep the animal deeply anesthetized. The tracheal cannula was connected to a computer-controlled small animal ventilator (flexiVent, SCIREQ, Montreal, Quebec, Canada).
Controlled ventilation. The animals were mechanically ventilated with room air using a controlled ventilation mode (55) at a frequency (f) of 240 breaths/min and a positive end-expiratory pressure (PEEP) of 3 cmH 20. During regular mechanical ventilation, animals are ventilated by prescribing the piston displacement volume to be 8 ml/kg. However, the delivered tidal volume (VT) by the ventilator depends on the mechanical impedance of the mouse (55) . Thus, in controlled ventilation mode, the volume displacement of the piston was manually adjusted on a regular basis using the delivered V T reported by the flexiVent to make sure that the delivered VT was 8 ml/kg.
Ventilation protocol. Figure 1 shows the time course of the experiment. After 5 min of stabilization, baseline measurements of respiratory input impedance (Z rs) were obtained. Next, two DIs, defined as an increase in tracheal pressure to 30 cmH20 kept for 3 s, were applied to standardize lung volume history. The Zrs was then measured for 10 min. After the baseline ventilation protocol, we divided the animals into two groups. In the first group, acute lung injury was induced by instilling 0.8 ml of warm saline (37°C) via the tracheal cannula and slowly retrieving 0.7 ml (severe ALI group, n ϭ 4). The retrieved lavage sample represented the baseline surface film composition of the normal lung. Immediately after the first lavage, the mice were given two DIs to recruit the lung. The animals were then ventilated using the same ventilation setup as described above. After another 5 min stabilization, two DIs were administered and Z rs was tracked for 10 min. At the end, a second bronchioalveolar lavage was performed. This second lavage sample represented the composition of the surface film in the severe ALI group. In the second group, we simply injected 0.1 ml of warm saline via the tracheal cannula (mild ALI group, n ϭ 4). These animals were also given two DIs to recruit the lung, and ventilated using the same protocol as the severe ALI group. At the end, bronchioalveolar lavage was performed to sample the surface film composition. The severe ALI procedure leaves 0.1 ml saline in the lung after the first lavage similarly to the mild ALI procedure, but it significantly dilutes the surfactant.
To assess whether the changes in Z rs following the DIs were due to the decreased lung surfactant as a result of the lavage procedure, we carried out additional experiments using a commercial surfactant, which contains SP-B and SP-C. In this case, the protocol ( Fig. 1) was repeated but the lavage fluid also contained calfactant at a manufacturer recommended dose of 3.0 ml/kg (Infasurf, Ony, Amherst, NY) which contained 35 mg/ml of phospholipids and 0.7 mg proteins including 0.26 mg/ml of SP-B and 8.1 g protein·mol Ϫ1 ·l Ϫ1 phospholipid of SP-C dissolved in 0.1 ml saline. Mice were given 0.8 ml solution orotracheally followed by slowly retrieving 0.7 ml (0.8-0.7 surf group, n ϭ 4) or simply injected 0.1 ml (0.1 surf group, n ϭ 4) of solution.
The mice were given two DIs and then ventilated using the same ventilation setup. After stabilization, additional two DIs were administered and Z rs was tracked for 10 min. At the end, bronchioalveolar lavage was performed. After adding protease inhibitors, the lavage samples were stored at Ϫ20°C for further analysis.
Impedance measurement. Dynamic respiratory mechanics were measured in the closed-chest condition using the forced oscillation technique combined with the optimal ventilator waveform (OVW) (40) . The OVW is a composite waveform consisting of 5 sine waves (2, 5, 11, 19 , and 31 Hz) with amplitudes and phase angles selected so that the waveform in the time domain looks similar to a tidal breath while allowing a smooth estimation of the impedance (29, 54, 55) . During measurement, the peak-to-peak OVW amplitude was matched to the V T delivered by the ventilator in the controlled ventilation mode to minimize the interruption of lung stretch by tidal ventilation. Two cycles of the OVW were delivered while airway pressure and flow were recorded by the ventilator. The Z rs was then estimated as the ratio of the cross-power spectrum of pressure and flow and the power spectrum of flow ensemble averaged over 8 overlapping windows.
Model description and parameter estimation. To extract mechanical parameters of the respiratory system, Z rs spectra were fitted to the constant-phase model (24) as follows. The model is composed of an airway resistance (R aw) and an airway inertance (Iaw) connected in series with a viscoelastic constant phase tissue impedance (24):
where j is the imaginary unit, is the circular frequency, n ϭ /0 with 0 ϭ 1 rad/s, ␣ ϭ 2/ arctan(G/H), and G and H are the coefficients of tissue damping and elastance, respectively. For the total respiratory system, the chest wall also contributes to the resistance and model provides an estimate of the total Newtonian resistance (R). However, the contribution of the chest wall in the mouse is small and R is a good surrogate of R aw (29) . Using an optimization procedure, G, H, Raw, and Iaw were estimated by minimizing the root mean square error between Eq. 1 and the measured Zrs spectra.
Total protein and western blot analysis. The total protein in the lavage samples was determined using the BCA protein assay reagent kit (Pierce, Rockford, IL). Equal amounts of total protein or equal volume of samples were separated by SDS polyacrylamide gel electrophoresis using precasted 4-20% gradient gels (BioRad Laboratories, Hercules, CA), then transferred to polyvinylidene fluoride membrane (Millipore, Bedford, MA). Western blot analysis was performed with a polyclonal anti-rabbit SP-B antibody (1:3000, Chemicon, Temecula, CA) and polyclonal anti-rabbit SP-C antibody (1:1000, Santa Cruz, Dallas, TX, and Abcam, Cambridge, MA). The primary and secondary antibody incubation as well as the bovine serum albumin blocking step were done for 1 h. The immune complexes were detected with a chemiluminescence kit (SuperSignal West Pico, Pierce Biotechnology, Rockford, IL) and quantified by computerized optical densitometry. Once the animal was connected to the ventilator, two deep inspirations (DIs) were immediately applied followed by a 5-min stabilization period. A second set of two DIs was then applied and respiratory impedance (Zrs) was measured during a 10-min ventilation period. Next, following a saline lavage or saline containing surfactant, the animals were connected to the ventilator and given the same stabilization and Zrs measurements as before the lavage. At the end of the protocol, another lavage sample was obtained.
Statistical analysis. All data are presented as means Ϯ standard deviation (SD). Different groups were tested with 1-or 2-way ANOVA, and paired t-test using Prism 6.0e (GraphPad Software, San Diego, CA). Before the ANOVA, the statistical package automatically tests for both equal variance and normality. A significant difference was defined as P Ͻ 0.05.
RESULTS
The time courses of the mechanical parameters from the constant phase model are shown in Fig. 2 . Hysteresivity, defined as ϭ G/H, depended on the treatment group (P ϭ 0.002) and time (P ϭ 0.011) with significantly lower values in the mild and severe ALI groups compared with the baseline group throughout the 10-min period ( Fig. 2A) . In the surfactant lavage groups (Fig. 2D) , also depended on the treatment (P ϭ 0.011) and time (P Ͻ 0.0001) and there was an interaction between time and treatment (P ϭ 0.0013). The parameter H (Fig. 2, B and E) decreased immediately after DIs, and during the 10-min observation window, it increased steadily in all groups. The H significantly depended on both time (P Ͻ 0.0001) and treatment (P ϭ 0.0013) with interactions (P Ͻ 0.0001) including the baseline and the mild and severe ALI groups (Fig. 2B) . The H in the surfactant lavage group (Fig.  2E ) also depended on time (P Ͻ 0.0001) and treatment (P ϭ 0.0006) with a significant interaction (P Ͻ 0.0001). The % increase in H in the ALI groups (Fig. 2C) showed the strongest dependence on both time (P Ͻ 0.0001) and treatment (P ϭ 0.0038), and there was an interaction between time and treatment (P Ͻ 0.0001), whereas % increase in H in the surfactant lavage group (Fig. 2F ) depended only on time (P Ͻ 0.0001). Furthermore, the severe ALI group (Fig. 2C) showed an increase compared with both the baseline group (24.2 Ϯ 3.4 vs. 14.3 Ϯ 3.2%, respectively, P ϭ 0.0023) and the mild ALI group (16.3 Ϯ 1.9%, P ϭ 0.01) at the end of the 10-min ventilation period. In contrast, there were no differences between baseline, 0.1 surf, and 0.8-0.7 surf groups (Fig. 2F) at any time point. These data provide evidence that lavaging the lung with surfactant does not result in a rapid increase in H following DIs. , and % increase in H (C) during 10 min of ventilation after DIs in acute lung injury (ALI) groups, whereas D, E, and F are , H, and % increase in H, respectively, obtained in surfactant-lavaged animals. Vertical brackets denote overall group differences and horizontal brackets are post hoc differences compared with the baseline group at the same time points. Significant differences between baseline and the mild ALI or 0.1-surf groups: *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. Significant differences between baseline and the severe ALI or 0.8-0.7 surf groups: #P Ͻ 0.05, ##P Ͻ 0.01, ###P Ͻ 0.001. pared with baseline (3.60 Ϯ 0.61 cmH 2 O/ml), and all group comparisons were significant (Fig. 3A) . On the other hand, ⌬H in both surfactant lavaged groups was only slightly higher (0.1 surf and 0.8-0.7 surf were 5.18 Ϯ 0.90 and 5.82 Ϯ 0.85 cmH 2 O/ml, respectively) than in baseline (3.59 Ϯ 0.79 cmH 2 O/ml), and there was a significant difference only between the baseline group and the 0.8-0.7 surf group (P ϭ 0.0118, Fig. 3B ).
Representative Western blots for SP-B and SP-C are shown in Fig. 4A and the corresponding statistics of the protein levels normalized to the mean of the baseline group are summarized in Fig. 4 , B and C. The SP-B expression (Fig. 4B ) decreased significantly in both the mild (0.68 Ϯ 0.03) and the severe ALI (0.49 Ϯ 0.06) groups compared with baseline (P Ͻ 0.001, respectively), and SP-B was also lower in the severe ALI group than in the mild ALI group (P Ͻ 0.01). The surfactant groups had more SP-B than the corresponding lavage groups and the 0.1 surfactant group also had more SP-B than the 0.8-0.7 surfactant group. SP-C concentrations exhibited a very similar pattern (Fig. 4C) : SP-C was lower in both the mild and severe ALI groups compared with baseline (0.75 Ϯ 0.02 and 0.60 Ϯ 0.02, P Ͻ 0.001, respectively). For SP-C, every group was different from every other group (P Ͻ 0.0001). Furthermore, there was a high correlation between SP-B and SP-C (r 2 ϭ 0.945, P Ͻ 0.0001, not shown).
For the baseline and lavage groups, the relationship between the normalized SP-B and SP-C levels and ⌬H are shown in Fig. 5 . Both the SP-B and SP-C levels correlated strongly with ⌬H with r 2 values of 0.801 (P Ͻ 0.0001) and 0.810 (P Ͻ 0.0001), respectively.
DISCUSSION
The purpose of this study was to determine whether the time-dependent mechanical properties of the respiratory system, specifically the elastance, following DIs are related to SP-B and SP-C levels in the surface film of the lung. The main findings of this study are as follows. 1) The changes in H after the DIs measured over a time period of 10 min were larger in mice with lavage-induced mild and severe ALI than in healthy animals. 2) Both SP-B and SP-C concentrations in the lavage samples significantly decreased in the ALI groups compared with baseline. Furthermore, both protein levels were lower in the severe than in the mild ALI group, and they exhibited a similar pattern. 3) The change in H with time (⌬H) showed a strong negative correlation with SP-B and SP-C levels, suggesting that the DI-induced increase in elastance at the whole organ level reflects the lack of proper SP-B and SP-C concentrations in the surface film. 4) When the lavage fluid also contained exogeneous SP-B and SP-C, the mechanical consequences of lavaging the lung were significantly attenuated.
It is well known that respiratory elastance after DIs or sighs immediately drops (36) due to several mechanisms including the stretching of the surface film and recruiting surfactant, the opening of airways and alveoli, as well as stretching the septal walls. Allen et al. (2) measured H after DIs before and after saline lavaging of mice and reported that the rise in H increased and the time constant of the recovery of H after a DI was much shorter in lavaged mice, suggesting that changes in H reflect ongoing derecruitment. In our study, in the severe ALI group was also smaller than in the baseline group (4.27 Ϯ 0.75 vs. 7.08 Ϯ 1.63 min, P Ͻ 0.05), whereas in the mild ALI group was intermediate (5.84 Ϯ 1.41 min) between severe ALI and baseline groups, but the differences did not reach statistical significance. On the other hand, H after 10 min ventilation (H time10 ) in the mild ALI group (38.0 Ϯ 4.9 cmH 2 0/min) was significantly higher than in the baseline group (29.4 Ϯ 3.1 cmH 2 0/min). Furthermore, when we examined ⌬H following the DIs, we found that it was also different between the mild and severe ALI groups (5.35 Ϯ 1.04 and 8.33 Ϯ 0.84 cmH 2 0/ min, P Ͻ 0.01), suggesting that ⌬H is a more sensitive index of derecruitment than H or .
Surfactant needs to be able to maintain a low surface tension with a rigid air-liquid interface at end-expiration while it should also enable a rapid expansion of the interface during inspiration. Surfactant proteins play a key role in both (10) . While these processes likely contribute to the time course of H following the DIs, several other phenomena should also be considered. At the smallest scale, the increase of H in the baseline case may indeed reflect surface film adsorption and respreading governed by SP-B and SP-C (10). However, tissue viscoelasticity generates a similar increase in H following the DIs due to stress adaptation. The relative contributions of surface film adsorption and respreading and tissue viscoelasticity are still debated (52) . The response of the ALI lungs to DIs is likely dominated by surface film effects since the lavage is not likely to alter tissue viscoelasticity during the short time scale of the experiments. The elimination or dilution of surfactant leads to slow adsorption rates of surfactant during stretching the alveolar surface, which leads to large surface stresses (16) and hence increased H. However, the time course of gradual derecruitment should contribute more to the increase in H than any change in the physicochemical properties of the surface film because the biggest effect an alveolus can have on H is when it collapses. Nevertheless, the two mechanisms are not independent since slow adsorption and increased surface tension promote collapse. While sorting out these mechanisms in vivo is difficult, our data together with the surfactant lavage results imply that surfactant proteins play a key role in maintaining surface stability and avoiding collapse.
Hysteresivity () is thought to be a material property of the lung tissue (13) . However, it was found that airway heterogeneity of the lung can also increase (39) . Increases in have been shown to occur with changes in the intrinsic mechanical properties of the lung tissue (13, 47) , or with increased regional heterogeneity throughout the lung (30, 38, 39) , both of which could generate deterioration of gas exchange and even damage to the tissue. Several animal studies reported increased such as elastase-treated or TNF␣-overexpressing mouse models of emphysema (28, 37) as well as decreased in acute lung injury (54) . In this study, was also significantly lower in the ALI groups than in baseline ( Fig. 2A) . H in the ALI groups was significantly increased (Fig. 2B) , while G did not change (not shown). As a result, became significantly lower in the ALI group ( Fig. 2A) . This may reflect a decrease in alveolar surface film hysteresis in the presence of edema or could be a result of partitioning of total resistance to airway and tissue components (29) . To test this, we measured the pressure-volume curve superimposed on PEEP in several mice (not shown) and we found that the area enclosed by these curves followed the same trend as . These results suggest that changes in as well as pressure-volume hysteresis in our experiments likely reflect alterations in surface film properties (44) .
Our data were collected using the OVW approach which mimics normal tidal breathing during dynamic measurements because the peak-to-peak oscillatory amplitude of the OVW volume is matched to the V T of ventilation (40) . The amplitude of the forced oscillations is expected to affect the estimates of the mechanical parameters (42) . For example, Ito et al. (29) reported that the airway-tissue partitioning was affected by the V T . The smaller tissue resistance fraction at the larger V T is a result of the tissues being softer. Furthermore, in small animals such as mice, elastance can increase due to the fact that respiratory impedance, which is the load impedance to the ventilator, is high. The reason is that the actual delivered V T to a mouse is significantly smaller than the prescribed value (55), especially in animal models with high impedance such as in ARDS. Thus a smaller delivered V T allows more derecruitment which in turn results in high H and G (29, 55) . In our study, we controlled the delivered V T by adjusting it based on the load dependence of the ventilator (55) . Thus the V T was likely larger than the V T delivered in other studies which might affect the recovery curve of H. Indeed, H rapidly increased during the first minute after the DI in injured animals or at low PEEP levels in other studies (2, 37) , whereas our data showed a more steady increase over the 10 min ventilation even in the severe ALI group. Furthermore, it is likely that due to progressive derecruitment, the open units of the lung received progressively larger regional V T s by the end of the 10 min ventilation period. Since was found to decrease in mice when V T was increased from 4 to 8 ml/kg (29) , this is another possible mechanism explaining the decrease in (Fig. 2, A and D) . Thus, due to the load-dependence of the ventilator, the contribution of V T to estimates of the mechanical parameters should be carefully considered when partitioning of airway and tissue properties is attempted during substantial changes in the mechanical properties of the lung.
The surfactant proteins SP-B and SP-C are hydrophobic proteins and their primary function is to promote the reduction of surface tension at the air-liquid interface together with the lipid components of surfactant (33, 58) . The pathogenesis of surfactant dysfunction in ALI/ARDS is still not fully understood. Animal injury models and in vitro models of surfactant dysfunction suggest that changes in surfactant composition directly alter surface tension and contribute to lung injury (20, 25, 31, 46) . Furthermore, preterm infants born with RDS have few surfactant-producing type II alveolar epithelial cells because of mature type II cells develop only late in gestation (12) . In the present study, SP-B and SP-C concentration in the lavage samples (Fig. 4) decreased in both ALI groups. A previous study showed that a smaller delivered V T decreased SP-B secretion in mouse lavage model of ALI (55) . Several reports also revealed that the amount and composition of surfactant are largely determined by the dynamic stretching pattern of the lung parenchyma (4, 59) . One might argue that in our protocol, the DI itself triggers surfactant secretion. However, because of the delayed secretion following a big stretch (48), this is not expected to affect our data. Therefore, any intervention that reduces the SP-B concentration in the lung also deteriorates the surface tension-reducing functionality of the surface film.
Respiratory elastance is a measure of the stiffness of the respiratory system including chest wall and lung (34) . Lung elastance includes components from the connective tissues and the alveolar surface film (51) . When one or two consecutive DIs are delivered to the lung, most airways and alveoli open which significantly reduces H. Following the DIs, H starts to increase back to its pre-DI level and the rate of increase depends on tissue and surface film viscoelasticity. However, in ALI, changes in H following the DIs come predominantly from changes in surface tension (2, 3) and our results demonstrate that the severity of ALI increases the rate of increase in H. Furthermore, the strong inverse relation between the ⌬H and the amount of SP-B (Fig. 5A) and SP-C (Fig. 5B) quantitatively links organ level mechanics with the levels of SP-B and SP-C in ALI. We also analyzed the correlation between SP-B and the ratio of H at 10 and 0 min time points (H 10min /H 0min ) or just the value of H at 10 min (H 10min ). These indexes also gave good correlations (r 2 ϭ 0.6842, P ϭ 0.009, and r 2 ϭ 0.7889, P Ͻ 0.0001, respectively). However, ⌬H showed the strongest relationship with SP-B (Fig. 5A, r 2 ϭ 0.801) and SP-C (Fig. 5B , r 2 ϭ 0.810). Therefore, ⌬H following DIs is a more sensitive index of derecruitment than the other indexes of H and provides a simple index that can test the overall functionality of the surface film. When the lavage fluid contained exogeneous SP-B and SP-C, the % increase in H following the DIs was exactly the same as in baseline (Fig. 2F) . This is in good agreement with the results in Fig. 4B that neither the 0.1 surf nor the 0.8-0.7 surf treatment produce different SP-B levels from baseline (Fig. 4B) . Nevertheless, the results for were nearly identical during saline and surfactant lavage (Fig. 2, A vs. D) suggesting that is most likely determined by the 0.1 ml fluid that remains in the lung after both saline and surfactant lavages whereas the increase in H is more sensitive to the surfactant protein levels.
A limitation of this study is that there is no single animal model that can reproduce all the characteristics of ALI/ARDS in humans (41) . The saline lavage model of ALI generates mild inflammation and tissue damage compared with other models (41), such as chemically or bacterially induced ALI, unless followed by a second hit (e.g., high V T mechanical ventilation). However, this model is one of the most commonly used, especially as a surfactant depletion model of ALI (6, 35) . Another limitation of using ⌬H following DIs as a surrogate of surface film functionality is that when applied to ALI with unknown etiology, we will not know what biophysical changes in the surface film make surface tension high in a given lung. Protein exudates from the blood, e-cadherin from compromised cell-cell interactions, and/or lack or altered composition of surfactant can all increase surface tension (26) . On the other hand, a significant advantage of this assay is that it separates surface film effects from the effects of reopenings because the assay starts with an open lung after the DIs. Additionally, ⌬H is an organ level measure of how fast surfactant produces closure deep in the lung. The method we propose is simple, noninvasive, and can provide immediate results as opposed to the traditional biochemical analysis which needs several hours or often a day. Additionally, the method provides a true assessment of the functionality of the surface film in the presence of injury.
In summary, we measured respiratory impedance after DIs in normal mice and in mice with lavage-induced ALI. We found that tracking the elastance for 10 min provides information about the functionality of the surface film in vivo. This method has the potential to reduce the time and cost of assessment of surface film functionality and help doctors diagnose and fine-tune therapy. Since it requires little data analysis and can be implemented on any ventilator, it is also suitable for guiding mechanical ventilation. Nevertheless, the effectiveness of the method should be evaluated in other models of ALI and in larger species with lungs more similar to those of human patients.
